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In some supersymmetric models like split supersymmetry or models with non-universal gaugino 


mass, bino (LSP) and winos (NLSP) may have rather small mass splitting in order to provide 
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the correct dark matter relic density through bino/wino co-annihilation. Such a scenario with the 


compressed bino/wino is difficult to explore at the LHC. In this work we propose to probe this 


scenario from pp + jxX3X7 followed by X9 — yX? and Yr —^ W*xX9 — vx} (this method is also 
applicable to the compressed bino/higgsino scenario). Through a detailed Monte Carlo simulation 
for both the signal and the backgrounds, we find that for a mass splitting AM ~ 5 — 15 GeV 
between bino (LSP) and wino (NLSP), the 14 TeV LHC with luminosity of 500fb~! can probe the 
wino up to 150 GeV (the sensitivity can reach 5e for AM = 5 GeV and 2e for AM = 15 GeV). We 
also investigate the dark matter detection sensitivities for this scenario and find that the planned 


XENON-1T(2017) cannot fully cover the parameter space with wino below 150 GeV allowed by 


relic density and the LUX limits. 


PACS numbers: 


I. INTRODUCTION 


Supersymmetry (SUSY) is a leading candidate beyond the Standard Model (SM), which 
can simultaneously solve the naturalness problem, explain the cosmic dark matter and 
achieve the gauge coupling unification. However, current searches at the LHC have not 
yet found any evidence of SUSY particles (sparticles). The first two generation squarks and 
gluino mass bounds have been pushed up to TeV region by searching for multi-jets with 
large missing energy |1|. The light third generation squarks and the non-colored sparticles 
have also been excluded in the simplified models |245]. In addition, the observation of a 125 
GeV Higgs boson |6, [7] requires rather heavy stops and/or large stop mixing. These results 
seem to indicate some sparticle spectrum (like split-SUSY) not favored by the naturalness. 
Therefore, it is imperative to explore all possible corners of SUSY parameter space and for 
some special scenarios new search strategies are needed. 

In the minimal supersymmetric model (MSSM) with R-parity the direct search of spar- 
ticles is mainly influenced by the nature of the lightest sparticle (LSP) and the shape 
(compressed or not) of the sparticle spectrum. In many popular SUSY models the elec- 


troweak gauginos are the most likely candidates for the LSP and the next-to-lightest spar- 


ticle (NLSP). The ‘gold-plated’ tri-lepton signature from the associated production of XXT 
is usually expected to have the best sensitivity for probing the electroweak gaugino sector 
at the LHC " The ATLAS and CMS collaborations have performed such a study in the 
simplified wino-like chargino/neutralino scenario, whose null results excluded m +, xg < 945 


GeV (ATLAS) and m.s <0 < 270 GeV (CMS) when the winos decay via inter- 


X1» X2 


mediate gauge bosons and the LSP is almost a massless bino. As mentioned above, the 
tri-lepton sensitivity strongly depends on the mass difference (AM) between NLSP and 
LSP. A large AM is typically required to produce the hard leptons in the final states of the 


process pp + XOXt followed by X9 — ZO (£*£7)x9 and Xt —^ WO (£*v)x9. When AM 
becomes small, a squeezed spectrum of electroweak gauginos would lead to a small missing 
energy and soft leptons. For such a compressed (AM ~ 1 — 5 GeV) Tid. gauginos 
hd may look for (albeit quite challenging at the LHC) the mono-jet m" 12], mono-photon 
" or mono-Z wi adha final states, where a visible jet, photon or Z-boson form initial state 


radiation (ISR) is employed to trigger the process. In addition, an alternative searching 


strategy pp > X92 — (0. + y+ Ér has also been proposed to detect the compressed 


bino-higgsino in lid. where the dilepton comes from the three body decay X95 — (X1 
and the photon is from the loop-induced decay X9 3 — X9. But this method is suitable only 
for a ‘well-forged’ mass difference AM ~ 25 — 70 GeV. 


In this work we propose a new search channel pp > jX9Yi followed by X9 — «x? and 
Xr — W*(£*v)X9 to probe the compressed (AM ~ 5 — 20 GeV) bino (LSP)-winos (NLSP) 


at the LHC. Note that such a compressed scenario may readily happen in split-SUSY or 
models with non-universal gaugino masses at the boundary where the correct dark matter 


relic abundance can be achieved from the bino-wino co-annihilation 17 . The final states 


of this channel are characterized by a hard jet with a soft photon and lepton: j +y +*+ Ér. 


The detectability of this channel comes from three sides: (1) For the cross section of ;X9Y1, 


the winos usually has larger cross section than other electroweakinos; (2) The chargino Y; 
dominantly decays (with a branching ratio near 10096) into the neutralino LSP plus a virtual 
W-boson (comparatively the decays X94 > €*€~ xX? have very small branching ratios); (3) A 


hard ISR jet in the final states can avoid the conventional huge electroweak Wy background 


that is the most severe handicap for the X9(— vyx9)xi(— +v) production. On the 
contrary, the background W jy can be efficiently removed by requiring large missing energy. 

The rest of this work is organized as follows. In Sec.2 we study the observability of this 
channel at the 14 TeV LHC. In Sec.3 we show the dark matter direct detection sensitivity 


to the compressed bino-wino scenario. Finally, we draw our conclusion in Sec.4. 


II. PROBING COMPRESSED BINO/WINO AT LHC 


A. The production channel and its signal 
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FIG. 1: The relevant Feynman diagrams for the loop decay X9 — 7X in our study. Here k = 1,2. 


Concentrating on a small mass splitting between bino and winos (< 20 GeV), we consider 


the j +@+y+ po signal from the Y? X9j production followed by the decays 


X= > W*x? 5 tvx*, 
X2 Xo (1) 


where the decay channel X9 — ^x] is a loop process lid. as shown in Fig[l] Note that 
the branching ratio of this decay is sensitive to the mass splitting of X9 and Xv. As shown 
in Fig2] when the mass splitting is small enough, this decay has a sizable branching ratio 
because the tree level three-body decay X9 > Z*Xl — ff Xi is suppressed. From Fig[2] we 
see that for Am < 20 GeV, the decay X9 — y¥§ can have a branching ratio as large as 
1096. As the mass splitting gets large, the decay branching ratio reduces rapidly. We should 
also note that when the mass splitting is very small (« 5 GeV), the decay branching ratio 
will reduce a bit. This is because for such a tiny mass splitting X9 would have sizable bino 


component which will suppress the coupling of X9x1 W in the loops of Figi 
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FIG. 2: The dependence of branching ratio of X9 — xi on the masses of Xoo We use SUSY- 
HIT to calculate the branching ratio. The gluino and higgsinio mass parameters Ma and yu 
are assumed at 2 TeV and 1 TeV, respectively. We vary parameter tan 8 from 3 to 50 and the 


gaugino masses Mj» from 100 GeV to 300 GeV. All the samples are required to satisfy the Higg 


mass 125 +2 GeV. The slepton and the first two generation squark sectors are set a common mass 


Msusy = 2 TeV. 


In the following we choose four benchmark points to perform Monte Carlo simulation. 


These points are listed in Table [I} Here the masses of X12 are obtained by tuning the bino 
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and wino masses. 


TABLE I: Four benchmark points used in our Monte Carlo simulation. Here u and tan 8 are set 


to be 1 TeV and 30, respectively. 


(myo, ma) in GeV | (130,150) | (135,150) | (140,150) | (145,150) 


Br(x3 > X94) 0.101 0.2266 0.495 0.834 


B. Monte Carlo simulation for the signal and backgrounds 


Our signal is a soft lepton, a soft photon, a hard jet plus large missing energy. The largest 


background is from the Wyj production (the W-boson here can be on-shell or virtual). To 


suppress this background, we require a rather hard jet Pr > 300 GeV and a large missing 


energy. Although this requirement can also hurt our signal, the S/B ratio can be enhanced. 


In addition, since the photon and lepton are typically soft in our signal, we require them to 


be softer than 40 GeV and 25 GeV, respectively. Our selection criteria are summarized as 


(i) 


(ii) 


(iii) 


One hard jet. We require a hard jet with Pr(j1) > 300 GeV and |n(j1)| < 2.5 (not 
b-tagged). Any events with more visible jets (Pr(j3) > 30 GeV, |n(j3)| < 2.5) will be 


vetoed. 


Large pr”. The final state has two massive LSP neutralinos, which recoil to the 


miss 


leading jet and then induce a large missing energy. Here we require Z7. > 300 GeV. 


One isolated lepton. We require an isolated electron with Pf > 10 GeV, |n°| < 1.37 
(or 1.52 < |n*| < 2.47) or an isolated muon with P% > 10 GeV, |n"| < 2.4. An upper 


limit cut of 25 GeV is also imposed on the lepton P$“. 


One isolated photon. We require an isolated photon with |77| < 2.37 (excluding the 
calorimeter transition region 1.37 < |w?| < 1.52) and P} > 10 GeV. Also an upper 


limit cut of 40 GeV is imposed on the photon P. 


Fig[3] shows the production rate of X1 X97 at the 14 TeV LHC for different wino masses. 


Here the cross section is calculated at tree level by using MadGraph5 (in order to obtain 


reasonable statistics, we imposed a cut pr(j1) > 250 GeV on the first leading jet for signals 


P,(j,)> 250 GeV 
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FIG. 3: The dependence of the cross section of X1 X9j on the mo at 14 TeV LHC. 


and backgrounds in the parton-level events generation). From this figure we see that the 
production rate can reach 0.1 pb when the X$ mass is below 130 GeV. In our benchmark 
points where the X5 mass is 150 GeV, the cross section can reach 0.074 pb before multiplying 
the decay branching ratios. 

As mentioned above, the dominate background is from the Wj production whose cross 
section is about 0.75 pb at tree level (with Pr(ji1) > 250 GeV). Another sizable background 
is Z(rr)--jets with 7 decays in the lepton channel and one of the leptons mistagged as a 
photon (the large missing energy can arise from the neutrinos from the 7 leptonic decays). 
Although the 7 decay branching ratio and the efficiency of a lepton misidentified as a photon 
can suppress the Z(rT)--jets background, this background cannot be ignored because its 
production rate is quite large (0.84 pb with Pr(j1) > 250 GeV). 


About other possible backgrounds we have the following comments: 


e W-rjets background. The ATLAS performed the measurement of W^ production 
where W-4-jets is the background. In the experiment an inclusive measurement is 
performed after requiring: exactly one lepton with Pr > 25 GeV, at least one isolated 
photon with EZ > 15 GeV and i above 35 GeV. Other selection requirements 
include: mr should be larger than 40 GeV and Me, is not within 15 GeV of Z-boson 


mass. We note that the W+jets events can mimic Wy signal when a jet is mistagged as 


a photon. We calculate the ow+jers/7wy value after these cuts (for W+jets events we 
choose a jet as a photon) and compare with the final counting events in the experiment. 
We find the efficiency of the jets mistagged as a photon to be ~ 1074. We recalculate 
the 9w.L;ers/0 w^; value at 14 TeV after our cuts and find it S 100. After multiplying 
the mistagged factor we find that the W-+jets background is much smaller than the 
W^j background. 


e Top quark background. The tt background can mimic our signal when top quarks 
decay leptonically and one of the leptons is mis-tagged as a photon. We calculate the 


tt cross section under the requirement ELS 2200 GeV at parton level and find it to 


be 0.32 pb. The cut efficiency with pre > 300 GeV and Pr(j1) > 300 GeV (for the 
leading jet) is about 0.1. The probability to find a pre-selection lepton and photon is 
0.02. The cut efficiency for the lepton and photon is 0.15 and 0.3, respectively. The 
jet veto and b-jet veto takes factor more than 40. After all the cuts, this background 
is approximately smaller than 0.001 fb. So we can safely ignore this background. 
Another background is tty whose production rate is 4 fb after requiring EDU 200 
GeV at parton level. The efficiency with all the cuts is 6.0 x 1074. So its contribution 


is also negligible. 


e WW/ZZ/ZW. The production rate of these gauge bosons is at fb level after requiring 
a leading jet harder than 250 GeV and a factor smaller than 0.06 should be multiplied 


to include the lepton mistagging as a photon. 


e Zyj. This background has a fb production rate after requiring a leading jet larger 
than 250 GeV and can be suppressed by requiring large E55, So it can be safely 
neglected. 


Other backgrounds like Z+jets when Z decays to electrons or muons and a lepton can be 
faked as a photon and the y+jets background when a jet is misidentified as a lepton, are 
highly suppressed by the requirement of pe > 300 GeV and also by a small mistag factor. 

We use MadGraph5 to simulate the signal and the backgrounds. We carry out the 
parton shower and the fast detector simulation through PYTHIA and Delphes b. 


respectively. We also use the anti-k, algorithm [25] to cluster jets and match our matrix 


element with parton shower in MLM scheme The cross sections of the signal and 


backgrounds are evaluated at tree level in our simulation. 

In Table [M] we show the cut flows of backgrounds and signal. We see that the background 
W^j can be suppressed by requiring the lepton and photon to be soft. With all the cuts 
the efficiency of the signal is about an order larger than the Wyj background. 


miss 


TABLE II: The cut efficiency for the backgrounds and the signal j + + y + Ér ~. The signal 


efficiency is displayed for the four benchmark points listed in Table [I] 


Pr(j1) > 300GeV 
0.2696| 0.04496 | 1.9% 2.296 2.196 1.3296 
(veto additional jets) 


eS 300 GeV 0.004% 1.87% | 1.28% 


C. Statistical significance at the LHC 


TABLE III: The cross sections of the signal and backgrounds at the 14 TeV LHC with all the cuts. 
The statistical significance with 300 fb~! and 500 fb™t are also shown. The signal is displayed for 


the four benchmark points listed in Table [I] 
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Finally, in Table [III] we show the cross sections and the statistical significance after all 
cuts. From this table we see that with all the cuts the signal with a small mass splitting 
has a good S/B and could be probed at the future LHC. Since the cut efficiency of the four 


benchmark points does not vary greatly, the results largely depend on the production rate of 


the signal. In other words, the decay branching ratio X$ — yx? determines the observability. 
It is clearly shown that the benchmark point with the smallest mass splitting gives the best 
result, whose statistical significance can reach 4c for 300 fb^! and 5e for 500 fbt. When 


the mass splitting is enlarged to 15 GeV, the sensitivity can still reach 2e for 500 fb-!. 


IIl. PROBING COMPRESSED BINO/WINO IN DARK MATTER DETECTION 


As a complementary search for the electroweak gauginos, we also investigate the sensi- 
tivity of dark matter direct detection experiments to the compressed bino/wino. Here we 
focus on the bino LSP and wino NLSP case. In order to account for the dark matter relic 


density, we scan the parameter space in the following ranges: 
100 GeV < M, < 300 GeV, 100 GeV < M» < 300 GeV, 3< tan B < 50 (2) 


Other SUSY mass parameters except the stop sector are fix at 2 TeV ( is fixed at 1 TeV). 


The parameters in the stop sector are scanned in the following ranges 
700 GeV < (Mg,,Mz,) < 2 TeV, —3 TeV < A, < 3 TeV (3) 


where we choose the lower bound by considering the direct stop search limit. In our scan 


we consider the following constraints: 


(1) The SM-like Higgs mass in the range of 123-127 GeV. We use FeynHiggs2.8.9 to 
calculate the Higgs mass and impose the experimental constraints from LEP, Tevatron 
and LHC by HiggsBounds-3.8.0 bà 


(2) Various B-physics constraints at 2c level. We implement the constraints by using 
the package Superlso v3.3 , including B — X,y and the latest measurements of 
B; pty, Ba > X,u*u- and Bt > r*v. 


(3) The constraints from the precision electroweak observables such as pe, sin? 04, mw 


and R 30 at 2c level. 


(4) The thermal relic density of the lightest neutralino (as the dark matter candidate) is 
within the 2c range of the Planck value [31]. We also consider the direct dark matter 
search limits from LUX [32]. We use the code MicrOmega v2.4 [33] to calculate the 


relic abundance and DM-nucleon scattering. 
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FIG. 4: The scatter plots of the samples allowed by the 2e dark matter relic density and various 
collider constraints listed in the context. The left panel shows the plots in the plane of mao versus 
mio while the right panel shows the neutralino dark matter-nucleon scattering cross section versus 


the neutralino mass. 


In Fig/4] we show the scatter plots of the samples allowed by the 2e dark matter relic 
density and various collider constraints (1)-(4) listed above. From Fig/4] it can be seen 


that, for our region with X9 < 150 GeV, the dark matter relic density can be guaranteed by 


the co-annihilation among X9, %7 and X? due to their small mass splitting AM ~ 5 — 15 
GeV. However, such a region could not be covered by the current LUX and future XENON- 
1T(2017) experiments because of the suppression of the coupling. So, our proposed method 
can be served as a complementary way to probe this compressed bino/wino scenario at the 
LHC. 

Finally, we would like to stress that in our analysis we worked in the framework of MSSM, 
in which the neutralino LSP (dark matter candidate) is bino-like (Mi < M» < u). In some 
extensions of the MSSM, for example, the popular next-to-minimal supersymmetric model, 
the property of the neutralino LSP (dark matter candidate) may be quite different because 
it tends to be singlino-like and rather light |34]. Then the bino-wino co-annihilation is no 


longer the mechanism to give the correct dark matter relic abundance and also the signature 


of the production pp > jX9yi is different from what we studied. Also, some recent studies 


discussed the phenomenology of electroweak gauginos in other miscellaneous scenarios. 
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IV. CONCLUSION 


In this work we proposed to use the signal £ + j + y + pres to probe the compressed 
bino/wino scenario at the LHC. From detailed Monte Carlo simulations we find that the 
14 TeV LHC with luminosity of 500 fb^! can probe the wino NLSP up to 150 GeV for 
a wino-bino mass splitting 5-15 GeV. Such a method is also applicable to the compressed 
bino/higgsino scenario. We investigated the dark matter detection sensitivities for this 
scenario and found that the planned XENON-1T(2017) cannot fully cover the parameter 
space with wino below 150 GeV allowed by relic density and the LUX limits. 
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